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intermediate at 23 °C, and the smallest at 37 °C. Treating the RBCs with methyl-β-cyclodextrin to remove
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essential for phase separation of the probe. Fluorometry experiments indicate that rafts exist at 23 °C and at
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Lipid composition is not uniform throughout the area of a cell
membrane and heterogeneity over a large spatial scale has been well
documented. It is known that lipid composition is different, for
example, in the apical and basolateral membranes of epithelial cells
[1]. More recently, lipid heterogeneity on the small, sub-micron
spatial scale has been the subject of intense research. Particular
attention has been focused on the question of whether cholesterol and
sphingolipids associate as segregated microdomains, known as lipid
rafts [2]. If proteins that must interact with other for biological
function preferentially partition into rafts, this would have implica-
tions for a number of processes. Signal transduction, for example, is
dependent on controlled protein interactions and if the proteins were
in rafts, they would automatically be in proximity [3–5].
The assertion that a speciﬁc protein resides in a raft is often based on
indirect evidence. A protein is a raft-associated candidate if it is found to
have accumulated in the portion of membrane not solubilized by non-
ionic detergents. These detergent-resistant membranes (DRMs) resultaftermembranes are dissolvedwith adetergent, usually TritonX-100, at
4 °C[6]. The DRMs are an appreciable fraction of themembranes and are
rich in cholesterol and sphingolipids as well as the DRM-associated
proteins [7–9]. However, there is no direct experimental evidence
that DRMs correspond to any membrane structures that existed before
the detergent treatment [10,11]. It is not certain that big and stable
rafts exist in biological membranes, particularly at physiological
temperatures. A bodyofwork has accumulated that favors the existence
of small (from several to hundred nanometers in radius) rafts in
plasma membranes at physiological temperatures [12–17], although
some experiments indicate otherwise [18–21]. It is possible that
some observed rafts are not due to preferential clustering, but rather
result from statistically random associations between cholesterol and
sphingolipids that lead to short-lived lipid domains. For rafts to serve as
an organizing structure in cellular processes, they need to be relatively
long-lived. Another complication for identifying rafts is evident from
computer modeling, which demonstrates that insertion of lipids into
the plasma membrane via exocytosis and retrieval via endocytosis
may promote occurrence of short-lived lipid domains via statistical
rather than preferential associations [22,23].
We tested whether long-lived rafts exist in living red blood cell
membranes. The presence of DRMs in RBCs membranes has been
documented before [6]. The RBC membrane has a few features that
signiﬁcantly simplify lipid raft detection: the RBCs do not contain
intracellular membrane compartments and the only membrane they
have is the plasma membranes; its lipid composition is stable for
months, and so there is no turnover of plasma membrane lipids.
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membrane cytoskeleton which precludes endocytosis,i.e., these cells
completely lack the endocytic/exocytic capability. The DRMs of RBCs
have been characterized with regard to properties such as their
abundance, the proteins they contain, and the extent of cholesterol
enrichment [24,25]. However, intact RBCs have not been systemat-
ically employed previously for lipid raft visualization.
The ganglioside GM1 is a convenient marker of lipid rafts [26]. It is
also greatly enriched in DRMs [27] and it preferentially accumulates
into liquid-ordered (Lo) domains that form in artiﬁcial bilayer
membranes [28,29]. In a previous study we attached BODIPY®-FL-
C3-residue to the residue of neuraminic acid of GM1 to yield a
ﬂuorescent lipid probe, BODIPY-GM1 and demonstrated that this
probe partitions into Lo phase of model bilayer lipid membranes [28].
In this report we used BODIPY-GM1 probe to directly observe lipid
rafts in living RBCs over the course of time by wide-ﬁeld ﬂuorescence
microscopy, and we correlate our observations with spectral shifts of
the probe, monitored by spectroﬂuorometry, which indicate the
probe has become concentrated in a lipid domain.
2. Materials and methods
2.1. Materials
Lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), egg
sphingomyelin (egg-SM), ganglioside GM1 and cholesterol were
purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). The ﬂuorescent
dye 4,4-diﬂuoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-
propionic acid (BODIPY®-FL-C3), BODIPY® FL C5-ganglioside GM1
(BODIPY® FL C5-GM1), Alexa FL 647 cholera toxin subunit B conjugate
and dark red ﬂuorescence FluoSpheres® (F8783, 0.02 μm, 660/680)
were obtained from Invitrogen (Eugene, OR). Methyl-β-cyclodextrin,
ganglioside GM1 and bovine serum albumin (BSA) was purchased from
Sigma-Aldrich (St. Louis, MO).
2.2. Synthesis of BODIPY-GM1 and preparation of BODIPY-GM1/GM1
micelles
N-(BODIPY-FL-propionyl)-neuraminosyl-GM1 (referred to as
BODIPY-GM1) was synthesized as described previously [28]. In
order to prepare micelles of GM1 with varying percentages of
BODIPY-GM1, labeled and unlabeled GM1 in chloroform-methanol
(2:1) were mixed at the desired ratios and the solvent was removed
by evaporation under vacuum for several hours. We kept the amount
of BODIPY-GM1 constant and varied the amount of unlabeled GM1 in
order to vary the percentage of the label within the micelles. In all
cases 2 ml of the solution (20 mM Tris–HCl, 1 mM Na2EDTA, pH 7.4)
was added to the dried GM1 at 4 °C. Fluorescencemeasurements were
performed at least an hour after adding the solution to the dried
gangliosides to ensure that equilibrium had been reached.
The optical density of BODIPY-GM1 was ~0.08, optimal for
ﬂuorescence measurements. For a molar extinction coefﬁcient of
80,000 [30] and a cuvette 1 cm wide, this yields ~1 μM (~2 μg/ml) of
the probe. Emission spectra collected for a 470 nm excitation were
corrected for small variations in probe quantity as determined from
the absorbance at 470 nm.
2.3. Preparation of liposomes
The liposomes were prepared by the extrusion technique [31]
using an extruder manufactured by Lipex Biomembranes Inc.
(Vancouver, Canada). Brieﬂy the dried lipid ﬁlm, containing 5 mol %
BODIPY-GM1, DOPC, egg-SM and cholesterol (each 30 mol %) was
hydrated to the necessary concentration by Tris–HCl buffer (pH 7.4)
containing 1 mM disodium salt of EDTA. The mixture was freeze-thawed ﬁve times and then passed 10 times through two polycar-
bonate ﬁlters (Nucleopore) with a pore size of 100 nm.
2.4. Labeling of RBCs
Human blood was freshly drawn from healthy volunteers. RBCs
were obtained by washing the blood twice in Ca2+, Mg2+ free
phosphate-buffered saline (PBS) at room temperature and re-
suspending as a 1% hematocrit in PBS. 15 μl of a 0.5 mM stock of
BODIPY-GM1 (or unlabeled GM1) in ethanol was added to 3 ml of
RBCs (yielding a ﬁnal probe concentration~2.5 μM) and incubated for
5–10 min at room temperature before washing the RBCs twice with
2.5% BSA in PBS to remove unincorporated probe. The BODIPY-GM1
formsmicelles and is taken up by RBCs to high concentrations over the
course of hours [32,33]. Incubation was limited to 5–10 min so that
the probe concentration in the RBCs would remain small. The
washings reduced the concentration of probe to well below the
critical micelle concentration of GM1[34], ensuring that micelles were
not bound to the RBCs. One half of the sample was then used
immediately for ﬂuorescence microscopy or ﬂuorescence spectrom-
etry. The other half was incubated at 4 °C for 30 min before using for
experiments. BODIPY® FL C5-GM1 (Invitrogen, USA) was used as a
control non-raft dye for RBCs labeling (same labeling method as for
BODIPY-GM1). To deplete RBCs of cholesterol, 3 mM methyl-β-
cyclodextrin was added to cells in a cuvette at the indicated
temperature and spectra were immediately gathered, with 20 s
between spectra.
CTB-A647 at 1 μg/ml at room temperature was added to RBCs for at
least 10 min. To wash out from the dyes RBCs were centrifuged at
3000 rpm for 1 min in an Eppendorf centrifuge 5415D. The RBC pellet
was washed twice by re-suspension/centrifugation cycle. Following
labeling/washing procedure, the erythrocytes were settled on pure
cover glasses for microscopy observation.
2.5. Fluorescence video microscopy and spectroﬂuorometry
Fluorescence microscopy was performed with an inverted ﬂuo-
rescence microscope (Nikon Eclipse TE200, Japan) equipped with an
oil immersion objective lens (Plan Apo 60X, NA 1.40) and a CCD
camera CoolSNAP HQ (Photometrics, AZ) set. Images were acquired
and processed by IPLabTM package (BioVision Technologies, PA). NIH
Image 1.63 software was used for image processing and analysis. The
temperature of the solution was maintained with a temperature
controller (20/20 Technology Inc., NC). Filter sets for BODIPY and
Alexa 647 were purchased from Chroma Technology Corp., VT.
2.6. Spectroﬂuorometry
LS-50B Fluorescence Spectrometer (PerkinElmer, MA) was used
for RBCs spectroﬂuorometry. RBCs labeled with BODIPY-GM1 were
placed in a thermostated quartz cuvette 1 cmwide, excited at 480 nm,
and the emission spectrum was measured and numerically smoothed
with FL WinLab™ software (PerkinElmer, MA). The BODIPY-GM1
ﬂuorescence emission spectra in micelles and liposomes were
recorded using a Fluorolog®-3 spectrometer (Jobin Yvon Inc., USA)
equipped with Glan-Thompson polarizers.
3. Results
3.1. BODIPY-GM1 can be used as a marker of lipid rafts in cells
Fluorescence emission of the labeled ganglioside BODIPY-GM1 as a
function of its density on the membrane surface behaved in the
manner expected for BODIPY. Probe density was varied by forming
mixed micelles that were composed of BODIPY-GM1 and GM1 at
different ratios (Fig. 1). When the probe was at low density (e.g., 1% of
Fig. 1. Emission of the BODIPY-GM1 probe in GM1-micelles at 4 °C. Micelles consisting
of the probe and GM1 were formed at the indicated ratios. The amount of the probe was
the same for all micelle preparations. (A) Lowmole fraction ratio of the probe. Only the
515 nm peak is prominent. (B) High mole fraction ratio of the probe. A broad red-
shifted peak, centered at 630 nm, appears. The lipid structure formula of BODIPY-GM1 is
shown in the insert.
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~515 nm, which is characteristic of the spectrum of monomeric
BODIPY (Fig. 1A). When the probe was dissolved in methanol, a
similar emission spectrum was obtained, in accord with the relatively
stable spectrum of BODIPY within different local environments [35].
For increased probe density, the high peak at 515 nm greatly
diminished and a broader one, centered at 630 nm, appeared
indicating BODIPY dimer formation. At ~20 mol% BODIPY-GM1, the
red-shifted ﬂuorescence had become prominent, but still less than
that of the 515 nm peak (Fig. 1B).
3.2. Rafts labeled by BODIPY-GM1 are visually observed, but only at low
temperature
We determined that domains into which BODIPY-GM1 was
concentrated could be microscopically detected. We viewed by
ﬂuorescence video microscopy whole RBCs labeled with the probe
and we quantiﬁed the green ﬂuorescence intensity centered at
515 nm. The cell is transparent enough for the ﬂuorescence of the
entire cell membrane, not just the surface closest to the objective, to
be collected. But the amount of membrane viewed at the rim of an
erythrocyte will obviously be greater than that viewed in the central
portion. At 23 °C, the ﬂuorescence was relatively uniform within the
non-rim area and here the intensities of the peaks were less than the
peaks at the rim (Fig. 2, left panels: bottom graph: cross-sectionbrightness histogram of intensity; middle: raw image; top: topo-
graphical histogram of brightness). This is indicative of a probe that
has not extensively segregated into domains. After lowering the
temperature to 4 °C, bright spots appeared (Fig. 2, central panels) and
the peaks of the brightness intensities in the non-rim region were
much higher than they had been in that area at 23 °C. Also at 4 °C, the
peaks of the intensities in the non-rim portions were comparable to
those at the rim. These observations suggest that the probe is
partitioning into discrete domains at the lower temperature. The
ﬂuorescence intensity in the red was less than that in the green (data
not shown). The presence of bright spots was reversible: they were
still observed 5 min after RBCs had been returned to room
temperature, but disappeared by 30 min.
We also labeled RBCs with commercial ﬂuorescent ganglioside
BODIPY® FL C5-GM1. This probe was uniformly distributed in RBCs at
37 °C, 23 °C and after cooling to 4 °C (Fig. 2, right panels). The
structures of both labels are shown in the insert of Fig. 2.
3.3. Domains rich in BODIPY-GM1 exist at physiological temperature as
suggested by spectroscopy
Because clustering of BODIPY-GM1 should lead to a red-shifted
emission, we used spectroﬂuorometry to measure the emission
spectrum of the probe in RBCs. The 515 nm green peakwas prominent
at 37 °C, at 23 °C, and at 4 °C (Fig. 3). At all three temperatures, a red-
shifted emission was also present. At 4 °C the red-shifted emission
was of somewhat larger amplitude than at 23 °C and 37 °C; at 37 °C,
the red-shifted ﬂuorescence extended out to 650 nm, a considerably
longer wavelength than appeared for high density of BODIPY-GM1 in
the absence of protein (Fig. 1B). This anomalous red shift, combined
with the fact that BODIPY-GM1 does not phase separate with
cholesterol or with itself in bilayer membranes if GM1 is the only
sphingolipid [28], makes it unlikely that the BODIPY-GM1 had self-
aggregated within the RBCs membranes. The red-shifted emission
therefore indicates that at all temperatures a fraction of the BODIPY-
GM1 had segregated into domains, but the domains were too small to
be detected microscopically at the higher temperatures. BODIPY-GM1
forms ﬂuorescent dimers at high local concentration. BODIPY dimers
have the emission maximum at 630 nm [34]. In contrast the emission
spectra of BODIPY® FL C5-GM1 in RBCs did not reveal any red shift at
all three temperatures (Fig. 3).
We removed cholesterol from the RBCs membranes at 4 °C to
further test whether the red-shifted ﬂuorescence was reporting rafts:
methyl-β-cyclodextrin was added to BODIPY-GM1-labeled RBCs to
extract the membrane cholesterol. Within minutes of the addition of
methyl-β-cyclodextrin, the green emission at 515 nm increased. Over
a time course of several minutes, there was also a decrease in the red-
shifted emission (Fig. 4, lines 1–4; line 1,spectrum before methyl-β-
cyclodextrin addition; lines 2, 3 and 4, measured each 2 min).
3.4. BODIPY-GM1 incorporated in liposomes formed from lipid raft
mixture reveals liquid-ordered phase formation
As a control, we performed the experiments with liposomes
formed from rafts lipid mixture (DOPC/egg-SM/cholesterol; 1:1:1+
5 mol% BODIPY-GM1). For this lipid mixture the liquid-ordered
domains were observed by ﬂuorescence microscopy only at the
temperatures below than 50 °C (main phase transition temperature
Tm of egg-SM) [28]. At this temperature BODIPY-GM1 randomly
distributes through the entire membrane. If the temperature is
lowered to 25 °C, BODIPY-GM1 will preferentially partitions into
newly formed Lo phase. Then BODIPY ﬂuorescence at 630 nm should
increase because of the higher probe concentration inside the
domains. We measured the BODIPY emission spectra of the raft
liposomes at 50 °C and 4 °C (Fig. 5). The low red-shifted emission was
already present at 50 °C, but it distinctly increased at 4 °C (the
Fig. 2. Visualization of the RBCs membrane domains enriched in BODIPY-GM1 as observed by ﬂuorescence microscopy. Top: topographical histogram of brightness. Middle: raw
image. Bottom: brightness histogram of cross-section (the white line at raw image). Punctate bright spots are apparent at 4 °C, but not at 23 °C (for BODIPY-GM1). RBCs labeled by
BODIPY® FL C5-GM1 have uniform probe distribution at all temperatures (right, 4 °C). The structures of BODIPY-GM1 and BODIPY® FL C5-GM1 are shown in the insert.
Fig. 3. Fluorescence emission spectra of BODIPY-GM1 and BODIPY® FL C5-GM1
incorporated into RBCs. Spectra are shown for 4 °C, 23 °C, and 37 °C, all normalized
to the monomer peak at the 515 nm. A broad red-shifted peak is more prominent for
lower temperature for BODIPY-GM1 but not for BODIPY® FL C5-GM1 (the results are
shown only for 4 °C).
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50 °C). The effect was reversed by the temperature raise back to 50 °C
(data not shown).
3.5. CTB-A647 treatment of intact erythrocytes reveals GM1 spots at
physiological temperatures
We used CTB-A647 as an alternative tool to visualize the
localization of endogenous GM1 on the plasma membrane of living
erythrocytes. Freshly isolated RBCs were labeled by CTB-A647. Time-
lapse microscopy revealed multiple GM1-enriched patches on the
erythrocyte surface at room temperature (Fig. 6, Movie 1). These
patches were randomly distributed on ﬂat membranes of discoid cells
andmost of them underwent fast lateral motionwith velocity of about
0.5 μm/s (Fig. 7, Movie 2). To obtain brighter patch images we used
1.5 s exposure times and the maximum power of the excitation light.
At that exposure times some patches appeared “fuzzy” because of the
fast patch movement (Movie 2). Time-lapse imaging did not reveal
any stable coalescence or self-aggregation of these patches during the
observation time (Movie 1). The average velocity of the brightest
Fig. 4. Fluorescence emission spectra of BODIPY-GM1 labeled RBCs after methyl-β-
cyclodextrin treatment. Line 1,spectrum before methyl-β-cyclodextrin addition; lines
2, 3 and 4,measured each 2 min thereafter. Spectra are normalized to the monomer
peak at the 515 nm.
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Movie 2). At 37 °C these patches were still observed but their fast
movement did not allow us to get sharp images (data not shown).
We also applied CTB-A647 to erythrocytes pre-labeled with our
probe BODIPY-GM1. The living erythrocytes were labeled with
BODIPY-GM1 according to standard labeling procedure and cooled
to 4 °C to induce visible domains. CTB-A647 was added at 4 °C. Then
RBCs were washed twice and transferred to the cooled microscope
stage for immediate recording in the red and the green channels. The
BODIPY-GM1 colocalized with CTB-A647 only in bright patches
(Fig. 8B, C), indicating that the limited sensitivity does not allow for
direct observation of small rafts labeled only by the lipid probe. We
also found that CTB-A647 binds to the BODIPY-GM1-labeled RBCs
stronger than to the non-labeled ones (Fig. 8B, Table 1). To
corroborate the idea that CTB-A647 does in fact bind to our probe
BODIPY-GM1, we incubated RBCs with non-labeled GM1 at the same
experimental conditions (2.5 μM of GM1, 5 min incubation). We
observed that GM1-treated RBCs also bound more CTB-A647 than
control RBCs (Table 1).Fig. 5. Fluorescence emission spectra of BODIPY-GM1 labeled raft liposomes. Spectra of
raft liposomes (DOPC/egg-SM/cholesterol, 1:1:1) with 5 mol% of the probe at 50 °C and
4 °C.In summary both ﬂuorometry and ﬂuorescence microscopy
showed that BODIPY-GM1 segregates into domains at low tempera-
ture. Fluorometry data indicated that the probe preferentially
partitioned into these domains at all three experimental tempera-
tures, and the spectral changes caused by addition of methyl-β-
cyclodextrin suggested that these domains are lipid rafts. Time-lapse
microscopy of erythrocytes labeled with CTB-A647 revealed that
these domains are highly mobile and can diffuse with 0.3–0.5 μm/s
velocity over the entire erythrocyte surface.
4. Discussion
4.1. Evidence that rafts exist at elevated temperatures
Fluorometry indicates that RBCs contain rafts at 23 °C and 37 °C,
even though the membrane appears uniform by ﬂuorescence
microscopy. It was already known, as determined by ﬂuorescence
resonance energy transfer, that a lipid bilayer membrane can
appear visually uniform yet contain tiny domains [36]. With
BODIPY-GM1 we visually detected rafts in RBCs at 4 °C but not at
the higher temperatures. Domains with sizes comparable to micro-
scope resolution have been observed in RBCs at room temperature
(20 °C) using the ﬂuorescent probe Laurdan (2-dimethylamino-6-
lauroylnaphthatlene); these domains were liquid-ordered (Lo) and
therefore could have been cholesterol–sphingolipid rafts [37].
Domains in RBCs have also been visually observed at room
temperature in intact erythrocytes with the phospholipid probes
NBD–phosphatidylcholine or NBD-phosphatidylethanolamine, but
these probes should not mark rafts because NBD ﬂuorophore was
attached to the fatty acid residue. Domains did not form in vesicles
made from extracted RBCs lipids [38]. This indicates that the resulting
lipid mixture lacks the high concentration of sphingomyelin and
cholesterol found in the outer leaﬂet of native erythrocyte membrane.
The possibility that the lipid asymmetry plays a key role in the
formation of such domains cannot be excluded. Recently Tyteca
et al. [39] have demonstrated that ﬂuorescent sphingomyelin (SM)
analogs spontaneously cluster at the outer leaﬂet into micrometric
domains in contrast with homogeneous labeling by DiIC18 and
TMA-DPH. With regard to lipid probes, attaching ﬂuorophores to
sphingolipid terminal side chain have perturbed the molecules so
much that they do not preferentially partition into rafts of lipid
membranes [28,40,41].Most of thehead-labeledﬂuorescentprobes also
prefer the Ld phase over the more ordered Lo phase in the ternary
mixtures of DOPC/DPPC/cholesterol [42]. NBD-DPPE is one of the rare
ﬂuorescent probes that has been reported to preferentially partition
into Lo domains in several model membrane systems [29,42–44].
DiIC18, a ﬂuorescent probe with longer side chains, showed no
preference for either the Ld or Lo phase [42].
Cholera toxin B subunit binds GM1, a major raft marker in
biological membranes. This ligand is pentavalent and previously it
has been shown that it induces cholesterol-dependent micrometer-
scale coalescence of GM1 domains on the surface of plasmamembrane
spheres (PMS) [45,46]. There is no contact between from the
membrane and the cell cytoskeleton in PMS. They are also not
effected by endocytic/exocytic lipid turnover. In this model system
large-scale domains can be induced by CTB-mediated clustering of
endogenous GM1 at 37 °C. The big rafts appearance is attributed to the
CTB-induced coalescence of pre-existing nanometer-scale rafts. The
authors explained the absence of micrometer-scale domains in native
cell membranes by the “lack of raft-based connectivity between the
gangliosides and other elements of plasma membrane.”
CTB can clusters only up to ﬁve single GM1 molecules even though
it is a pentameric subunit [47]. To force raft coalescence in native cell
membranes the method of secondary crosslinking has been used. In
this method GM1 bound CTB is cross-linked by anti-CTB antibodies
(Ab) to induce big micron-size patches in human monocytes and
Fig. 6. The distribution of endogenous GM1 in live human erythrocytes. RBCs were incubated with Alexa 647-labeled cholera toxin subunit B, washed twice and observed under
microscope. Time-lapse images were recorded at 100% mercury lamp power and 1.5 s exposure time (see also Movie 1). Scale bar: 5 μm.
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sufﬁcient to induce large-scale changes on the cell membrane on its
own, without help of the secondary Ab cross-linking. The dissociation
constant for the CTB-GM1 complex is 4.6×10−12 M [49] so the excess
of CTB applied to the cell surface should bind all available GM1
molecules. We hypothesize that CTB applied to the live RBCs binds
both free non-raft GM1 and raft-associated GM1 thus creating the real-
time surface density map of endogenous GM1. CTB concentration
should be higher (brighter in ﬂuorescence) inside these domains since
lipid rafts are enriched with GM1. Further raft coalescence needs the
secondary cross-linking by antibodies [16]. As we excluded this step,
we believe that after CTB treatment we observed the pre-existing
erythrocyte rafts.
The question is why we did not observe these GM1 patches at
physiological temperatures when we use BODIPY-GM1 probe, but
clearly detect them with CTB-A647? It has been shown that the lipid
rafts (50–60 nm in diameter) diffuse as small entities in the plasma
membrane of mammalian cells [12]. It has been further estimated that
such nano-raft contains some 3500 lipid molecules. Another group
showed that raft-related domains could be even larger: 200 nm in
diameter [13]. The existence of nanoscale (b5 nm and b20 nm
diameter) cholesterol-sensitive clusters in live cell membranes was
also reported [17,50]. Thus, the lipid rafts discovered in cells are below
the resolution of conventional ﬂuorescence microscopy (300 nm).
The incorporation of exogenous gangliosides into the cell plasma
membrane is well established phenomenon. However the extent of
incorporation may be limited and is reported to depend on the cell
type [51]. Ackerman et al. [51] indicated that a ﬁnite number of sites
available to bind exogenous ganglioside GM1 exists in the human
erythrocyte membrane. In this study the human erythrocytes were
incubated with exogenous GM1 (concentration range 0.1–0.5 mg/ml,
30 min incubation at 37 °C) followed by ﬁxation and cholera toxin
treatment. The average ratio of ﬁnal endogenous/exogenous GM1 was
approximately 1:1,i.e., even at high concentrations of exogenous GM1
human red blood cells could to uptake only 1 molecule of exogenous
GM1 per 1 molecule of endogenous GM1. Based on these data and ourFig. 7. The trajectory of an individual GM1 patch on the surface of a live erythrocyte.
Time-lapse images were recorded at 100% mercury lamp power and 1.5 s exposure
time. Complete trajectory of moving GM1 patch (arrow) is shown on the right image
(the domain traveled 3.5 μm for 7.5 s). One domain was immobile during the
observation time (arrowhead). Scale bar: 5 μm.observations we hypothesize that BODIPY-GM1 incorporates into
entire erythrocyte membrane evenly across its surface and then
equilibrates with the pre-existing non-uniformly distributed endog-
enous GM1. Then BODIPY-GM1 should partition in these sub-micron
pre-existing rafts; it is unlikely, however, that the probe can displace
all endogenous GM1 from the rafts. Let us assume a pre-existing
erythrocyte raft contains 100 molecules of endogenous GM1. The
exogenous BODIPY-GM1 will enter the membrane approximately at
1:1 endogenous/exogenous ratio (based on the fact that a limited
number of sites available to bind exogenous ganglioside GM1 exist in
the human erythrocyte membrane—reported by [51]; see also
Table 1). Therefore, after the equilibrium BODIPY-GM1 can displace
only 50 of endogenous intra-raft GM1 molecules. The local concen-
tration of the probe inside the pre-existing rafts will be sufﬁciently
high to form BODIPY dimers that are detected by the spectroscopy
method revealing non-uniform probe distribution. The limited
sensitivity of ﬂuorescence microscopy does not allow detection of
50 BODIPY-GM1 molecules in individual raft at room temperature.
Nevertheless the small GM1 patches were observed after labeling
with CTB-A647 at physiological temperatures (Fig. 6). The distinct
GM1 patches in the membranes of human erythrocytes have been
described before [48,52]. In these studies the GM1 patches in RBC
membrane were induced by the secondary cross-linking technique:
erythrocytes were incubated with Alexa 555-conjugated CTB and,
following two washes, the cells were incubated with anti-CTB
antibodies and ﬁxed. This method usually resulted in the formation
of 40–60 GM1 patches evenly distributed over the membrane of
discoid erythrocytes. However the DRM-associated proteins were
only partially colocalized with GM1 patches.
To avoid any artifacts induced by the secondary cross-linking and
ﬁxatives we labeled RBCs by CTB alone. We used a CTB-A647 lot with
DOL=5 (the degree of labeling, 5 mol of the dye per mole of the B
subunit pentamer). Alexa Fluor 647 has a far red ﬂuorescence
emission with maximum at 668 nm (Ex/Em: 650/668 nm) and a
very high extinction coefﬁcient of 270,000 (for comparison Alexa
Fluor 555 molar extinction coefﬁcient is 155,000 and that of BODIPY
FL is 80,000). We also chose Alexa 647 because of its negligible
bleedthrough with BODIPY FL. Though human vision has low
sensitivity to light beyond 650 nm, the cooled CCD camera has almost
equivalent sensitivity in 500–700 nm range. The raft containing 100
molecules of endogenous GM1 molecules could bind up to 100 CTB
subunits because the reported binding molar ratio generally reported
is 1:1 (CTB:GM1) [53]. This will be equivalent to 500 molecules of
Alexa 647 dye per single lipid raft. Our hardware allows detection of a
single ﬂuorescent bead 20 nm in diameter (F8783, Invitrogen, dark
red ﬂuorescence with Ex/Em: 660/680 nm) at the same observation
conditions (data not shown). These ﬂuorescent beads contain
approximately 200 molecules of ﬂuorophore (information provided
by Invitrogen for yellow–green beads 20 nm in diameter). So,
altogether, we should have at least 10 times brighter raft labeling
with CTB-A647 than with BODIPY-GM1. Double-labeling of RBCs with
BODIPY-GM1 and CTB-A647 revealed that these two rafts markers
Fig. 8. The RBCs costained with BODIPY-GM1 and CTB-A647. Live erythrocytes were labeled with BODIPY-GM1 according standard labeling procedure and cooled to 4 °C to induce
visible domains. CTB-A647 was added at 4 °C; RBCs were washed twice and transferred to the cooled microscope stage for immediate recording in the red and the green channels.
(A) Phase contrast image of RBCs. (B) CTB-A647 ﬂuorescence (red channel). (C) BODIPY-GM1 ﬂuorescence (green channel). BODIPY-GM1 colocalized with CTB-A647 only in
brightest patches (arrows in B and C). Limited sensitivity did not allow to directly observe the smaller rafts seen only with CTB-A647. Scale bar: 5 μm.
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observations suggest that the number of BODIPY-GM1 molecules in
small rafts is not enough to resolve them with conventional
ﬂuorescence microscopy. Our ﬁndings indicate that low temperature
promotes the growth of pre-existing small rafts. These growing
domains concentrate more BODIPY-GM1 and at certain size come
within our detection limit.
4.2. Rafts are large in bilayer membranes, small in RBCs
RBC membranes remain ﬂuid even when temperature is lowered
to −5 °C[54]. It is well known that increasing concentrations of
cholesterol reduces gel-to-ﬂuid phase transitions and abolishes
them at ~20–25 mol% [55]. RBCs membranes contain 30–50 mol%
cholesterol [56,57], and it is therefore likely that the rafts, even at 4 °C,
are not in a solid phase, but rather are in a liquid-ordered phase, as has
been demonstrated for bilayer membranes [28,29]. In artiﬁcial lipid
bilayer membranes, small rafts that form merge to reach diameters of
tens of microns [28,29]. In RBCs, the rafts labeled by BODIPY-GM1 do
not becomemicroscopically detectable at physiological temperatures.
However, we have demonstrated that they do exist at these
temperatures and that they are mobile objects (Fig. 6). Either small
rafts do not merge or if they do, the enlarged rafts are not stable and
their lipids dissolve into the bulk of the membrane. Whatever the
speciﬁc mechanism, rafts stay small in biological membranes at
normal physiological conditions.
Methyl-β-cyclodextrin (3 mM)was added to BODIPY-GM1-labeled
RBCs to remove the membrane cholesterol. We observed both the
increase in emission at 515 nm (data not shown) and the decrease at
630 nm (Fig. 4). This indicates that as the cholesterol was removed,
BODIPY-GM1 that had been laterally segregated in the membrane
became dispersed. However, the increase in emission at 515 nm is
not a reliable indicator for BODIPY-GM1 spread within an intact RBCs
upon removing cholesterol: the treatment of RBCs with methyl-β-
cyclodextrin is known to cause a fraction of RBCs to hemolyze [58,59].
The change in scattering of light caused by hemolysis could have
contributed to the increase in emission at 515 nm. But hemolysisTable 1
Effect of exogenous BODIPY-GM1 and GM1 on CTB-A647 surface labeling of living
human red blood cells.
Sample Mean I647, a.u.⁎
1. Un-treated RBCs 5±1
2. RBCs incubated with BODIPY-GM1 (5 min, 2.5 μM) 12±2
3. RBCs incubated with GM1 (5 min, 2.5 μM) 23±4
⁎ Mean intensity of CTB-A647 ﬂuorescence in region of interest (ROI) of single
erythrocyte. ROI diameter is 5 μm (to exclude the rim of an erythrocyte). For each
number at least 25 cells were analyzed.would not account for the decreased emission at 630 nm and indeed
this decrease strongly suggests that segregation of the BODIPY-GM1
probe required a high concentration of cholesterol in the membrane
that the probe segregated into cholesterol-sphingolipid rafts rather
than self-segregated, and that raft extent was greater with lowering of
temperature.
It has recently been suggested that DRMs in RBCs could be
anchored to the spectrin skeleton of human erythrocytes via
electrostatic interactions [8]. The disruption of these pre-existing
interactions between the lipid rafts and RBC cytoskeleton by the
simultaneous increase in pH and ionic strength of the medium would
result in the preparation of DRMs that are free of cytoskeletal
components and are strongly enriched in the classical raft marker
proteins and lipids (e.g., stomatin, ﬂotillin-1, and ﬂotillin-2, choles-
terol and GM1[8,60,61]. We showed here that the majority of GM1-
enriched patches in the erythrocyte membrane are mobile and move
with velocity range 0.3–0.5 μm/s at the room temperature (Figs. 6–7,
Movies 1 and 2). It is unlikely that these structures tightly interact
with spectrin submembrane cytoskeleton of erythrocytes. However,
our data do not exclude the possibility that some big rafts anchor to
RBC cytoskeleton at 4 °C.
4.3. Raft formation may continue as temperature is progressively lowered
Glycosylphosphatidylinositol (GPI)-anchored proteins associate
with DRMs of membranes in general [2,62] and RBCs in particular [25]
and an appropriately engineered GPI-ﬂuorescent probe (e.g., GPI-
linked green ﬂuorescent protein) should be a convenient marker for
rafts. But whereas endogenous GPI-anchored proteins associate with
DRMs, adding GPI-linked proteins to solution to artiﬁcially incorpo-
rate them into RBCs does not lead to DRM association [63]. With
regard to lipid probes, attaching ﬂuorophores to sphingolipids or to
the terminal side chain of cholesterol have perturbed the molecules
so much that they do not preferentially partition into rafts of lipid
membranes [28,40,41]. The ﬂuorescent probe Laurdan reports the
existence of liquid-ordered domains, but two-photon ﬂuorescence
microscopy is required to follow it [37]. Dehydroergosterol serves
as an analog for many of cholesterol's properties and is naturally
ﬂuorescent. But it ﬂuoresces in the ultraviolet (UV), and this
necessitates the use of a microscope that allows for high transmit-
tance in the UV in conjunction with a UV-sensitive camera [64].
Attaching BODIPY to the headgroup of GM1 to yield BODIPY-GM1
(Fig. 2, insert) provides a good raft probe that can be detected by
conventional ﬂuorescence microscopy [65]. Moving the BODIPY label
into the lipid tail of GM1 (Fig. 2, insert) makes the probe insensitive to
the presence of rafts as evidenced by both spectroscopy and
microscopy (Fig. 2 and 3). BODIPY-GM1 clearly marks rafts in artiﬁcial
lipid bilayer membranes [28] and in the membranes of RBCs as was
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inferred from the CTB-A647 and BODIPY-GM1 probes and those found
in other systems that have been measured by sophisticated particle
tracking methods to have a radius of only 30 nm [12] remains to be
determined.
The relation of cell rafts andDRMsusually isolated in cold (4 °C) non-
ionic detergents suchasTritonX-100wasalwaysquestionable [6,10,66].
The recent study showed that DRMs could be prepared from intact
erythrocytes at 37 °C[67]. However, authors reported that in contrast to
the4 °C results raft-associatedproteinsﬂotillin-2 and stomatinwere not
resistant to Triton X-100 treatment at the physiological temperatures.
Then there is a question: Are the DRMs just a product of coalescence/
fusion of small pre-existing rafts or the low temperature promotes the
DRMs formation? Indeed, if the DRMs are formed solely by the low
temperature, it should be classiﬁed as an “artifact.” On the other hand
the coalescence of small pre-existing rafts into big domains induced by
the low temperature could be helpful for isolation of DRMs.
The novel probe BODIPY-GM1 incorporates into the biological
membranes and serves as a sensitive indicator of endogenous raft
dynamics. Exogenous gangliosides readily transfer from micelles into
RBCs membranes. The rate of the incorporation is probably determined
by the rate ofmonomer entry into the solution from themicelles [51]. In
our study RBCs were readily labeled with BODIPY-GM1 or plain GM1 by
mixing the cells with BODIPY-GM1 (or non-labeled GM1) micelles. The
GM1 is known toaccumulate greatlywithin theDRMs for cells in general
[27]. We previously showed that BODIPY-GM1 is relatively abundant in
liquid-ordered cholesterol–sphingomyelin domains in artiﬁcial bilayer
membranes [28]. Here we used it to probe for the existence of lipid rafts
in intact RBCs membranes.
Exogenous GM1 incorporated into membranes distributes similar
to endogenous ganglioside GM1i.e., it is enriched lipid rafts. At high
local concentration two BODIPY groups are stacked on top of each
other and form a dimer that emits light as a broad band centered at
about 630 nm in addition to the normal green emission (peak at
515 nm) [34,68]. It was shown earlier that ﬂuorescent derivatives of
ganglioside GM1 where the polar ﬂuorophore was chemically
attached to the sialic acid residue still function as receptors for
cholera toxin [69–71]. Our ﬁndings indicate that CTB interacts with
BODIPY-GM1 similar to the intact GM1 (Table 1). All these properties
of this new probe could be very useful in future membrane studies.
Data from micelle experiments suggest that the local concentra-
tion of BODIPY-GM1 should be higher than 20 mol% to get the
signiﬁcant 630 nm band (Fig. 1B). This pattern is the same as the one
ﬁrstly shown for a BODIPY-labeled ceramide [68]. The spectral shift to
longer wavelengths with increasing probe density could be due to
either excimer formation [35] or resonance energy transfer from
monomers to dimers of BODIPY that form at high density [34]. The
appearance of a red-shifted emission would indicate that the probes
had laterally segregated into high local density regions.
Spectroscopy data revealed that BODIPY-GM1 incorporated into
the RBCs at low concentrations displays the red shift already at the
physiological temperatures (Fig. 3). We attributed these results to the
incorporation of the probe into the pre-existing lipid domains with
high endogenous ganglioside GM1 concentration. We observed these
domains with CTB-A647 (Figs. 6–7). The cooling of RBCs to 23 °C and
4 °C substantially increased the amplitude of 630 nm peak. This result
cannot be explained only by the coalescence of the pre-existing rafts.
The BODIPY-GM1 was distributed non-uniformly before cooling:
partially it was in the raft domains (it emits both green and red
ﬂuorescence)while another part was in the non-raft membrane phase
(it emits only green ﬂuorescence). If cooling to 4 °C induced only raft
coalescence but does not produce additional raft phase it should not
change intra-raft GM1 (and BODIPY-GM1) raft partition. So, we
explained the increase in 630 nm peak by formation of new rafts (or
by growing of the pre-existing rafts) and by partitioning of free non-
raft BODIPY-GM1 into these newly formed rafts.On general principles, phase separations should occur only below
phase coexistence temperatures determined by the precise cholesterol–
sphingolipid–phospholipid compositions. Phase separations of raft
formationwill depend on themelting temperatures of the sphingolipids
and phospholipid, which are molecularly heterogeneous. For example,
the sphingomyelins of RBCs have melting temperatures between 51 °C
(for a 22:0 acyl chain) and 27 °C (a 24:1 chain) [72,73]. For cholesterol
and sphingomyelin to pack well together, as is necessary for phase
separation, temperature must be below the sphingomyelin melting
temperature (the amount below depends on the molar fraction of the
sphingomyelin). As temperature is progressively lowered, the acyl
chainsofmore sphingomyelin species should becomeorderedandmore
cholesterol-dependent phase separations should occur. In living RBCs
the weakly cooperative phase transitions at 14 °C and at 34 °C were
shown by Fourier transform infrared spectroscopy (FTIR) [74]. Multiple,
sharp membrane phase transitions were observed in RBCs stored at
4 °C for 5 days, which indicated phase separation of the membrane
lipids. The authors reported that the lipid probe 1,1'-dioctadecyl-
3,3,3',3-tetramethyl-indocarbocyanine perchlorate (diI-C18) remained
homogeneously distributed in the erythrocyte membrane during cold
storage and concluded that lipid domains were below the resolution
limit of the microscope. However, a recent study showed that the
ﬂuorescent probe, DiI-C18, showed no preference for either the Ld or
Lo phase [42].
Heterogeneity in sphingolipid species may therefore account for
the greater extent of rafts that occurs at lower temperature. The
progressive increase in the red shift emission of BODIPY-GM1 in RBCs
at 4 °C could be explained by the existence of low melting lipids
(SM and PC) that have Tm between 4 °C and 37 °C. Our experiments
with liposomes formed from raft lipid mixture showed that liquid-
ordered phase also appeared below Tm of the main raft component
sphingomyelin (Fig. 5). We observed it as an increase in BODIPY-GM1
ﬂuorescence intensity at 630 nm (Fig. 5). The effect of liposome
cooling on BODIPY-GM1 red shift was reproducible but not so strong
(+15% of ﬂuorescence intensity at 630 nm) as we were expecting
based on bilayer lipid membranes experiments [28]. It has been
emphasized that the continuous high-intensity illumination of giant
unilamellar vesicles (GUVs) labeled with ﬂuorescent lipid analogs
induces micron-size domain formation [75]. The large domains
observed in GUVs were the result of merger of visually unobservable
small domains. However, the authors reported that “the efforts
to detect light-induced domains in an intensely illuminated cuvet
have failed because of the difﬁculty of achieving the needed light
intensity.” So we cannot exclude the possibility that the cooling
of raft liposomes from 50 °C to 4 °C induces the formation of only
tiny lipid domains (nano-rafts) [76–78]. These small nanoscopic
domains can be formed and remain small, without enlarging. The
nanoscopic domain merging could be induced by light [44,75] or
by the lateralmembrane tension [78]. The BODIPY-GM1will partition
into these domains resulting in the red peak at 630 nm to grow
(Fig. 5). In the absence of forces that induce small rafts merging
(high intensity of light and/or membrane tension) the number
and/or size of formed lipid rafts could be limited in 100-nm-diameter
liposomes.
Why are the studies of RBCs lipid rafts and raft dynamics
important? Early study by Gratzer and coworkers [79] has reported
that the lowering erythrocyte's cholesterol decrease the malarial
infection. But the underlying reason for these ﬁndings has not been
found. Samuel and coworkers have reported that depletion of raft
cholesterol (which constitutes up to 10% of total erythrocyte
cholesterol) not only disrupts all protein association in rafts but also
abrogates malarial infection into the red cells [25]. Deﬁnitely, a
disruption of erythrocyte rafts is detrimental to malarial infection
suggesting that these lipid/protein domains are essential for the
parasitization of the RBCs. However, detailed mechanisms of the
utilization of RBCs rafts in malarial infection are still unknown.
1938 I. Mikhalyov, A. Samsonov / Biochimica et Biophysica Acta 1808 (2011) 1930–1939The entry of individual merozoite in erythrocyte is very rapid
process and it complete on average 27.6 s after primary contact of
parasite with host RBC [80]. Our ﬁndings indicate that lipid domains in
living RBCs are highlymobile structures and they can diffuse on a time
scale of 30 s over the entire erythrocyte surface. Whether the pre-
existing erythrocyte raft segregation by merozoite is necessarily to
initiate the membrane invagination and parasite invasion remains to
shown. We believe that our probe BODIPY-GM1 could be useful tool
for mechanistic studies of malaria parasite invasion in RBCs.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamem.2011.04.002.
Acknowledgments
The authors are grateful to Dr. Fredric S. Cohen and Dr. Sergey
Popov for writing assistance. We thank Dr. Dmitry Malkov for
thoughtful discussions.
References
[1] G. van Meer, B. Gumbiner, K. Simons, The tight junction does not allow lipid
molecules to diffuse from one epithelial cell to the next, Nature 322 (1986)
639–641.
[2] D.A. Brown, E. London, Structure and function of sphingolipid- and cholesterol-
rich membrane rafts, J. Biol. Chem. 275 (2000) 17221–17224.
[3] E.D. Sheets, D. Holowka, B. Baird, Membrane organization in immunoglobulin E
receptor signaling, Curr. Opin. Chem. Biol. 3 (1999) 95–99.
[4] K. Simons, D. Toomre, Lipid rafts and signal transduction, Nat. Rev. Mol. Cell Biol. 1
(2000) 31–39.
[5] R. Xavier, T. Brennan, Q. Li, C. McCormack, B. Seed, Membrane compartmentation
is required for efﬁcient T cell activation, Immunity 8 (1998) 723–732.
[6] J. Yu, D.A. Fischman, T.L. Steck, Selective solubilization of proteins and phospholipids
from red blood cellmembranes by nonionic detergents, J. Supramol. Struct. 1 (1973)
233–248.
[7] T. Nebl, K.N. Pestonjamasp, J.D. Leszyk, J.L. Crowley, S.W. Oh, E.J. Luna, Proteomic
analysis of a detergent-resistant membrane skeleton from neutrophil plasma
membranes, J. Biol. Chem. 277 (2002) 43399–43409.
[8] A. Ciana, C. Balduini, G. Minetti, Detergent-resistant membranes in human
erythrocytes and their connection to the membrane-skeleton, J. Biosci. 30 (2005)
317–328.
[9] C. Crepaldi Domingues, A. Ciana, A. Buttafava, C. Balduini, E. de Paula, G. Minetti,
Resistance of human erythrocyte membranes to Triton X-100 and C12E8, J. Membr.
Biol. 227 (2009) 39–48.
[10] D. Lichtenberg, F.M. Goni, H. Heerklotz, Detergent-resistant membranes should
not be identiﬁed with membrane rafts, Trends Biochem. Sci. 30 (2005) 430–436.
[11] M. Ingelmo-Torres, K. Gaus, A. Herms, E. Gonzalez-Moreno, A. Kassan, M. Bosch, T.
Grewal, F. Tebar, C. Enrich, A. Pol, Triton X-100 promotes a cholesterol-dependent
condensation of the plasma membrane, Biochem. J. 420 (2009) 373–381.
[12] A. Pralle, P. Keller, E.L. Florin, K. Simons, J.K. Horber, Sphingolipid-cholesterol rafts
diffuse as small entities in the plasma membrane of mammalian cells, J. Cell Biol.
148 (2000) 997–1008.
[13] C. Dietrich, B. Yang, T. Fujiwara, A. Kusumi, K. Jacobson, Relationship of lipid rafts
to transient conﬁnement zones detected by single particle tracking, Biophys. J. 82
(2002) 274–284.
[14] R. Varma, S. Mayor, GPI-anchored proteins are organized in submicron domains at
the cell surface, Nature 394 (1998) 798–801.
[15] M. Brameshuber, J. Weghuber, V. Ruprecht, I. Gombos, I. Horvath, L. Vigh, P.
Eckerstorfer, E. Kiss, H. Stockinger, G.J. Schutz, Imaging of mobile long-lived
nanoplatforms in the live cell plasma membrane, J. Biol. Chem. 285 (2010)
41765–41771.
[16] T.S. van Zanten, J. Gomez, C. Manzo, A. Cambi, J. Buceta, R. Reigada, M.F. Garcia-
Parajo, Direct mapping of nanoscale compositional connectivity on intact cell
membranes, Proc Natl Acad Sci USA 107 (2010) 15437–15442.
[17] P. Sharma, R. Varma, R.C. Sarasij, Ira, K. Gousset, G. Krishnamoorthy, M. Rao, S.
Mayor, Nanoscale organization of multiple GPI-anchored proteins in living cell
membranes, Cell 116 (2004) 577–589.
[18] A.K. Kenworthy, M. Edidin, Distribution of a glycosylphosphatidylinositol-
anchored protein at the apical surface of MDCK cells examined at a resolution
of b100 A using imaging ﬂuorescence resonance energy transfer, J. Cell Biol. 142
(1998) 69–84.
[19] A.K. Kenworthy, N. Petranova, M. Edidin, High-resolution FRET microscopy of
cholera toxin B-subunit and GPI-anchored proteins in cell plasma membranes,
Mol. Biol. Cell 11 (2000) 1645–1655.
[20] O.O. Glebov, B.J. Nichols, Distribution of lipid raft markers in live cells, Biochem.
Soc. Trans. 32 (2004) 673–675.
[21] O.O. Glebov, B.J. Nichols, Lipid raft proteins have a random distribution during
localized activation of the T-cell receptor, Nat. Cell Biol. 6 (2004) 238–243.
[22] L.A. Gheber, M. Edidin, A model for membrane patchiness: lateral diffusion in the
presence of barriers and vesicle trafﬁc, Biophys. J. 77 (1999) 3163–3175.[23] H.J. Risselada, S.J. Marrink, The molecular face of lipid rafts in model membranes,
Proc. Natl Acad. Sci. USA 105 (2008) 17367–17372.
[24] S. Lauer, J. VanWye, T. Harrison,H.McManus, B.U. Samuel, N.L. Hiller, N.Mohandas, K.
Haldar, Vacuolar uptake of host components, and a role for cholesterol and
sphingomyelin in malarial infection, EMBO J. 19 (2000) 3556–3564.
[25] B.U. Samuel, N. Mohandas, T. Harrison, H. McManus, W. Rosse, M. Reid, K. Haldar,
The role of cholesterol and glycosylphosphatidylinositol-anchored proteins of
erythrocyte rafts in regulating raft protein content and malarial infection, J. Biol.
Chem. 276 (2001) 29319–29329.
[26] B.J. Nichols, GM1-containing lipid rafts are depleted within clathrin-coated pits,
Curr. Biol. 13 (2003) 686–690.
[27] T. Harder, P. Scheiffele, P. Verkade, K. Simons, Lipid domain structure of the
plasma membrane revealed by patching of membrane components, J. Cell Biol.
141 (1998) 929–942.
[28] A.V. Samsonov, I. Mihalyov, F.S. Cohen, Characterization of cholesterol-sphingo-
myelin domains and their dynamics in bilayer membranes, Biophys. J. 81 (2001)
1486–1500.
[29] C. Dietrich, L.A. Bagatolli, Z.N. Volovyk, N.L. Thompson, M. Levi, K. Jacobson, E.
Gratton, Lipid rafts reconstituted in model membranes, Biophys. J. 80 (2001)
1417–1428.
[30] J. Karolin, M. Fa, M. Wilczynska, T. Ny, L.B. Johansson, Donor-donor energy
migration for determining intramolecular distances in proteins: I. Application of a
model to the latent plasminogen activator inhibitor-1 (PAI-1), Biophys. J. 74
(1998) 11–21.
[31] L.D. Mayer, M.J. Hope, P.R. Cullis, Vesicles of variable sizes produced by a rapid
extrusion procedure, Biochim. Biophys. Acta 858 (1986) 161–168.
[32] G.A. Ackerman, K.W. Wolken, F.B. Gelder, Differential expression of surface
monosialoganglioside GM1 in various hemic cell lines of normal human bone
marrow. A quantitative immunocytochemical study using the cholera toxin-gold-
labeled anti-cholera toxin procedure, J. Histochem. Cytochem. 28 (1980)
1334–1342.
[33] S. Kanda, K. Inoue, S. Nojima, H. Utsumi, H. Wiegandt, Incorporation of a
ganglioside and spin-labeled ganglioside analogue into cell and liposomal
membranes, J. Biochem. 91 (1982) 2095–2098.
[34] F. Bergstrom, I. Mikhalyov, P. Hagglof, R. Wortmann, T. Ny, L.B. Johansson, Dimers
of dipyrrometheneboron diﬂuoride (BODIPY) with light spectroscopic applica-
tions in chemistry and biology, J. Am. Chem. Soc. 124 (2002) 196–204.
[35] I.D. Johnson, H.C. Kang, R.P. Haugland, Fluorescent membrane probes incorpo-
rating dipyrrometheneboron diﬂuoride ﬂuorophores, Anal. Biochem. 198 (1991)
228–237.
[36] G.W. Feigenson, J.T. Buboltz, Ternary phase diagram of dipalmitoyl-PC/dilauroyl-
PC/cholesterol: nanoscopic domain formation driven by cholesterol, Biophys. J. 80
(2001) 2775–2788.
[37] T. Parasassi, E. Gratton, W.M. Yu, P. Wilson, M. Levi, Two-photon ﬂuorescence
microscopy of laurdan generalized polarization domains in model and natural
membranes, Biophys. J. 72 (1997) 2413–2429.
[38] W. Rodgers, M. Glaser, Characterization of lipid domains in erythrocyte
membranes, Proc. Natl Acad. Sci. USA 88 (1991) 1364–1368.
[39] D. Tyteca, L. D'Auria, P.V. Der Smissen, T. Medts, S. Carpentier, J.C. Monbaliu, P. de
Diesbach, P.J. Courtoy, Three unrelated sphingomyelin analogs spontaneously
cluster into plasmamembrane micrometric domains, Biochim. Biophys. Acta 1798
(2010) 909–927.
[40] J.P. Slotte, P. Mattjus, Visualization of lateral phases in cholesterol and
phosphatidylcholine monolayers at the air/water interface–a comparative study
with two different reporter molecules, Biochim. Biophys. Acta 1254 (1995)
22–29.
[41] T.Y. Wang, J.R. Silvius, Different sphingolipids show differential partitioning into
sphingolipid/cholesterol-rich domains in lipid bilayers, Biophys. J. 79 (2000)
1478–1489.
[42] J. Juhasz, J.H. Davis, F.J. Sharom, Fluorescent probe partitioning in giant
unilamellar vesicles of 'lipid raft' mixtures, Biochem. J. 430 (2010) 415–423.
[43] J.M. Crane, L.K. Tamm, Role of cholesterol in the formation and nature of lipid rafts
in planar and spherical model membranes, Biophys. J. 86 (2004) 2965–2979.
[44] A.G. Ayuyan, F.S. Cohen, Lipid peroxides promote large rafts: effects of excitation
of probes in ﬂuorescencemicroscopy and electrochemical reactions during vesicle
formation, Biophys. J. 91 (2006) 2172–2183.
[45] D. Lingwood, J. Ries, P. Schwille, K. Simons, Plasma membranes are poised for
activation of raft phase coalescence at physiological temperature, Proc. Natl Acad.
Sci. USA 105 (2008) 10005–10010.
[46] H.J. Kaiser, D. Lingwood, I. Levental, J.L. Sampaio, L. Kalvodova, L. Rajendran, K.
Simons, Order of lipid phases in model and plasma membranes, Proc. Natl Acad.
Sci. USA 106 (2009) 16645–16650.
[47] X.E. Cai, J. Yang, The binding potential between the cholera toxin B-oligomer and
its receptor, Biochemistry 42 (2003) 4028–4034.
[48] L. Mrowczynska, H. Hagerstrand, Patching of ganglioside(M1) in human
erythrocytes—distribution of CD47 and CD59 in patched and curved membrane,
Mol. Membr. Biol. 25 (2008) 258–265.
[49] G.M. Kuziemko, M. Stroh, R.C. Stevens, Cholera toxin binding afﬁnity and
speciﬁcity for gangliosides determined by surface plasmon resonance, Biochem-
istry 35 (1996) 6375–6384.
[50] C. Eggeling, C. Ringemann, R. Medda, G. Schwarzmann, K. Sandhoff, S. Polyakova,
V.N. Belov, B. Hein, C. vonMiddendorff, A. Schonle, S.W. Hell, Direct observation of
the nanoscale dynamics of membrane lipids in a living cell, Nature 457 (2009)
1159–1162.
[51] G.A. Ackerman, K.W. Wolken, F.B. Gelder, Surface distribution of monosialogan-
glioside GM1 on human blood cells and the effect of exogenous GM1 and
1939I. Mikhalyov, A. Samsonov / Biochimica et Biophysica Acta 1808 (2011) 1930–1939neuraminidase on cholera toxin surface labeling. A quantitative immunocyto-
chemical study, J. Histochem. Cytochem. 28 (1980) 1100–1112.
[52] L. Mrowczynska, U. Salzer, S. Perutkova, A. Iglic, H. Hagerstrand, Echinophilic
proteins stomatin, sorcin, and synexin locate outside gangliosideM1 (GM1)
patches in the erythrocyte membrane, Biochem. Biophys. Res. Commun. 401
(2010) 396–400.
[53] J. Holmgren, I. Lonnroth, L. Svennerholm, Tissue receptor for cholera exotoxin:
postulated structure from studies with GM1 ganglioside and related glycolipids,
Infect. Immun. 8 (1973) 208–214.
[54] B. Maraviglia, J.H. Davis, M. Bloom, J. Westerman, K.W. Wirtz, Human erythrocyte
membranes are ﬂuid down to −5 degrees C, Biochim. Biophys. Acta 686 (1982)
137–140.
[55] M. Bloom, E. Evans, O.G. Mouritsen, Physical properties of the ﬂuid lipid-bilayer
component of cell membranes: a perspective, Q. Rev. Biophys. 24 (1991) 293–397.
[56] R.A. Cooper, E.C. Arner, J.S. Wiley, S.J. Shattil, Modiﬁcation of red cell membrane
structure by cholesterol-rich lipid dispersions, A model for the primary spur cell
defect, J. Clin Invest. 55 (1975) 115–126.
[57] M. Cignarelli, M. Blonda, M.R. Cospite, A. Damato, G. Nardelli, R. Giorgino,
Alterations of erythrocyte lipid pattern and of some membrane related functions
as a consequence of plasma lipid disorder in diabetes mellitus, Diabete Metab. 9
(1983) 272–276.
[58] F. Hirayama, S. Mieda, Y. Miyamoto, H. Arima, K. Uekama, Heptakis(2,6-di-O-
methyl-3-O-acetyl)-beta-cyclodextrin: a water-soluble cyclodextrin derivative
with low hemolytic activity, J. Pharm. Sci. 88 (1999) 970–975.
[59] R. Panini, M.A. Vandelli, E. Leo, G. Salvioli, R. Cameroni, The inﬂuence of 2-
hydroxypropyl-beta-cyclodextrin on the haemolysis induced by bile acids,
J. Pharm. Pharmacol. 48 (1996) 641–644.
[60] U. Salzer, R. Prohaska, Stomatin, ﬂotillin-1, and ﬂotillin-2 are major integral
proteins of erythrocyte lipid rafts, Blood 97 (2001) 1141–1143.
[61] A. Ciana, C. Achilli, C. Balduini, G. Minetti, On the association of lipid rafts to the
spectrin skeleton in human erythrocytes, Biochim. Biophys. Acta 1808 (2011)
183–190.
[62] K.A. Melkonian, T. Chu, L.B. Tortorella, D.A. Brown, Characterization of proteins in
detergent-resistant membrane complexes from Madin-Darby canine kidney
epithelial cells, Biochemistry 34 (1995) 16161–16170.
[63] G. Civenni, S.T. Test, U. Brodbeck, P. Butikofer, In vitro incorporation of GPI-
anchored proteins into human erythrocytes and their fate in themembrane, Blood
91 (1998) 1784–1792.
[64] M. Hao, S.X. Lin, O.J. Karylowski, D. Wustner, T.E. McGraw, F.R. Maxﬁeld, Vesicular
and non-vesicular sterol transport in living cells. The endocytic recycling
compartment is a major sterol storage organelle, J. Biol. Chem. 277 (2002) 609–617.
[65] I. Mikhalyov, N. Gretskaya, L.B. Johansson, Fluorescent BODIPY-labelled GM1
gangliosides designed for exploring lipid membrane properties and speciﬁc
membrane-target interactions, Chem. Phys. Lipids 159 (2009) 38–44.[66] D.A. Brown, J.K. Rose, Sorting of GPI-anchored proteins to glycolipid-enriched
membrane subdomains during transport to the apical cell surface, Cell 68 (1992)
533–544.
[67] C.C. Domingues, A. Ciana, A. Buttafava, B.R. Casadei, C. Balduini, E. de Paula, G.
Minetti, Effect of cholesterol depletion and temperature on the isolation of
detergent-resistant membranes from human erythrocytes, J. Membr. Biol. 234
(2010) 195–205.
[68] R.E. Pagano, O.C. Martin, H.C. Kang, R.P. Haugland, A novel ﬂuorescent ceramide
analogue for studying membrane trafﬁc in animal cells: accumulation at the Golgi
apparatus results in altered spectral properties of the sphingolipid precursor,
J. Cell Biol. 113 (1991) 1267–1279.
[69] S. Spiegel, S. Kassis, M. Wilchek, P.H. Fishman, Direct visualization of redistribu-
tion and capping of ﬂuorescent gangliosides on lymphocytes, J. Cell Biol. 99
(1984) 1575–1581.
[70] S. Spiegel, Fluorescent derivatives of ganglioside GM1 function as receptors for
cholera toxin, Biochemistry 24 (1985) 5947–5952.
[71] B. Goins, M. Masserini, B.G. Barisas, E. Freire, Lateral diffusion of ganglioside GM1
in phospholipid bilayer membranes, Biophys. J. 49 (1986) 849–856.
[72] J.P. Boegheim Jr., M. Van Linde, J.A. Op den Kamp, B. Roelofsen, The sphingomyelin
pools in theouterand inner layer of thehumanerythrocytemembraneare composed
of different molecular species, Biochim. Biophys. Acta 735 (1983) 438–442.
[73] H. Katsikas, C. Wolf, Blood sphingomyelins from two European countries, Biochim.
Biophys. Acta 1258 (1995) 95–100.
[74] W.F. Wolkers, L.M. Crowe, N.M. Tsvetkova, F. Tablin, J.H. Crowe, In situ assessment
of erythrocyte membrane properties during cold storage, Mol. Membr. Biol. 19
(2002) 59–65.
[75] J. Zhao, J. Wu, H. Shao, F. Kong, N. Jain, G. Hunt, G. Feigenson, Phase studies of
model biomembranes: macroscopic coexistence of Lalpha+Lbeta, with light-
induced coexistence of Lalpha+Lo Phases, Biochim. Biophys. Acta 1768 (2007)
2777–2786.
[76] R.F. de Almeida, L.M. Loura, A. Fedorov, M. Prieto, Lipid rafts have different sizes
depending on membrane composition: a time-resolved ﬂuorescence resonance
energy transfer study, J. Mol. Biol. 346 (2005) 1109–1120.
[77] J.R. Silvius, Fluorescence energy transfer reveals microdomain formation at
physiological temperatures in lipid mixtures modeling the outer leaﬂet of the
plasma membrane, Biophys. J. 85 (2003) 1034–1045.
[78] A.G. Ayuyan, F.S. Cohen, Raft composition at physiological temperature and pH in
the absence of detergents, Biophys. J. 94 (2008) 2654–2666.
[79] A.R. Dluzewski, K. Rangachari, R.J. Wilson, W.B. Gratzer, Relation of red cell
membrane properties to invasion by Plasmodium falciparum, Parasitology 91
(Pt 2) (1985) 273–280.
[80] P.R. Gilson, B.S. Crabb, Morphology and kinetics of the three distinct phases of red
blood cell invasion by Plasmodium falciparum merozoites, Int. J. Parasitol. 39
(2009) 91–96.
